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SUMMARY
This thesis describes an investigation into the effect of aggregate 
volume on the compressive strength, tensile strength and modulus of 
elasticity in both tension and compression of concrete.
Emphasis has been placed on establishing the absorption properties 
of the aggregate and a relatively new technique of drying the aggregate 
in a stream of saturated air has been employed with satisfactory results.
Also, a technique of strain measurement has been developed and was 
used to establish the values of the elastic modulus.
In the strength investigation similar trends were observed in 
compression and in tension, the strength of cement paste being reduced 
on the addition of 20% of aggregate and increasing at aggregate volumes 
greater than 40% in tension and 60% in compression.
The modulus increased, as expected, with the addition of aggregate 
and is predicted with reasonable accuracy by the simple lower bound 
solution from the method of mixtures,
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DEFINITIONS
Saturated, surface-dry condition for aggregate
Aggregate is in the saturated surface dry condition when all the 
open internal pores are filled with water but there is no surface 
moisture on the aggregate particles.
Free water in a mix
The free water in a mix is regarded as the water available for 
combination with cement, and occupies space outside or on the surface 
of the aggregate particles, assuming the particles to be in a saturated, 
surface-dry condition.
Free water-cement ratio
This is the ratio of the free water, 'as defined above, to cement and
is the water cement ratio which is said to determine the strength of
concrete.
Total water-cement ratio
This is the ratio of the total water added to the mix to cement. The 
moisture condition of the aggregate is completely disregarded in calculation 
of this ratio.
Compressive strength
This is the failure load of a specimen divided by the original cross-
sectional area. The specimen will normally be either cylindrical or
prismatic, xd.th a height diameter ratio greater than two.
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1 . 1  A Case for Research on Concrete
There is no doubt that concrete continues to be a most important 
structural material, some sixty million cubic yards being produced 
annually by the ready mix concrete industry alone.
This would be taken to offer sufficient justification for the 
continuation of research into the nature, behaviour and properties of 
concrete, and indeed opening new areas of research.
Alternatively it may be said with equal justification that we now 
know enough about concrete. Designers can, and do, produce concrete 
structures, backed by appropriate calculation which generally operate 
satisfactorily. However, and perhaps fortunately, a catastrophic 
failure occasionally occurs which cannot be ascribed either to poor 
workmanship or to bad design, which highlights a serious gap in 
engineering knowledge.
In order to avoid such failures engineers necessarily adopt a 
conservative, cautious attitude to design using well proven systems, 
and it could be said that in twenty years of practice engineers have 
had one year’s experience twenty times. This approach does not create 
the need for a deeper understanding of the behaviour of concrete which 
would foster and give direction to research.
It is the responsibility of the research worker to continue with 
research aimed at helping the designer with his everyday problems. In 
addition he must also continue with research of a fundamental nature 
to provide a deeper understanding of the behaviour of concrete which 
may be needed for the solution of future engineering problems.
1. Introduction
1„2 Justification of the Research
Several authors (1, 2, 3, 4, 5,6,7) have pointed out that factors 
other than the water-eement ratio can have significant effects on the 
strength of concrete, and aggregate is one such strength affecting 
factor. Aggregate - strength relationships are usually studied under 
one of the following headings; aggregate type, aggregate maximum size, 
aggregate grading, aggregate surface texture or aggregate volume, all 
of which can have a significant effect upon the strength of the hardened 
concrete, Of these headings one which has received little individual 
attention is the effect of aggregate volume. It was therefore decided 
that a rigorous investigation of this parameter should be undertaken.
In order to isolate the effect of aggregate volume from other 
variables, close attention to detail was necessary. The absorption 
characteristics of the aggregate are of particular importance as pointed 
out by Newman (3),since a constant free water cement ratio at each 
aggregate volume is essential,and therefore the work included a rigorous 
study of aggregate absorption characteristics. Uniaxial tension and 
uniaxial compression tests were carried out with strain measurements 
being undertaken during normal stress rate controlled strength tests 
in an attempt to obtain data on modulus values and the progressive 
failure of the specimens. It was therefore necessary to develop strain 
measuring apparatus suitable for automatic recording. Hence much of the 
work was involved with the development of testing techniques, not all 
of which were entirely satisfactory, and the study of progressive failure 
had to be abandoned due to the unreliability of the lateral strain 
measuring rig.
The objective was to carry out the tests as precisely as possible 
but with an awareness of their limitations. In re-examining the work it 
is evident that improvements could have been made, but all reasonable 
precautions were taken and the results are sufficiently accurate to enable 
valid conclusions to be drawn.
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2 Literature Review. The Effect of ARgregate_yolumi^^ 
of Concrete.
2.1 Introduction
Few papers have been published which relate specifically to the 
effect of aggregate volume concentration on strength or other properties 
of concrete. Hobbs (15, 18) and Pomeroy et al (14) have published 
experimental results relating volume concentration to compressive strength 
and have undertaken theoretical studies relating strength and elastic 
properties to volume concentration. Ishai (16, 20) in discussing other 
articles presented interesting data relating to variations in compressive 
strength and modulus with aggregate volume and Brown (19) reviewed 
various theories relating aggregate volume to the mechanical properties 
of concrete. With the exception of the six sources listed above all the 
data presented in this review has been abstracted from'work in which 
authors in pursuit of other objectives have maintained a constant water/ 
cement ratio and changed the aggregate volume concentration of their mixes.
Results have usually been quoted in terms of aggregate/cement ratio 
by weight. However the aggregate volume provides a more accurate picture 
of the quantity of aggregate actually included in a given concrete and 
therefore published aggregate/cement ratios have been converted to volume 
concentrations. Where the authors have supplied specific gravity values 
for their materials, these have been used, but many authors do not quote 
specific gravities and in these cases a value has been assumed. This 
procedure has undoubtedly led to errors in determining the actual volume 
concentration but the error will not affect the nature of the volume 
concentration/strength relationship.
Most of the results quoted are not at a constant free water/cement 
ratio. Results reproduced in figures 2.1, 2.2, and 2.4 with the exception 
of Hobbs (15), Hughes and Ash (8), Welch (4), Johnston (6), and Ward (17) 
present total water/cement ratio, which as Newman and Techenne^" (21) argued, 
adds the unknown effects of the variables of grading and aggregate type to 
aggregate/cement ratio - strength relationships. Also, when total water 
content has been used the resulting free water cement ratio must be 
slightly lower at the high aggregate volume hence leading to an expected 
higher strength level.
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It is interesting to note that most research, which naturally centres 
on the range of mixes used in practice, represents volume concentrations 
ranging from 55% to 75%, a relatively small range in comparison with the 
apparently large range of 2.5 - 15 when expressed in terms of aggregate/ 
cement ratio.
2.2. The Effect of Aggregate Volume on Compressive Strength
2.2.1 Cube Strength
Figure (2.1) plots cube crushing strength against aggregate-volume 
concentration for a wide range of water cement ratios and aggregate types.
It is evident from this plot regardless of aggregate type or water 
cement ratio, the rate of increase of strength with increasing volume 
concentration is remarkably similar for most results. Two sets of data 
do not conform to this pattern. Firstly, Singh (11) published results 
which indicate a very marked decrease in strength for increasing volume 
concentration, though as suggested in the discussion by McKay and Johnston 
(22) this could be due to the reported decreasing density at higher volume 
concentrations. Secondly, Hobbs1’-(15) results indicate very little change 
in strength for volume concentration variations. Though an allowance for 
absorption was made by Hobbs, it was based on air dry aggregate, a somewhat 
indeterminate state, and on one hour's soaking of the aggregate, which is 
probably insufficient time for fu],l saturation to take place.
The work of Hughes and Ash (8) is worth particular mention since they 
take care in establishing an accurately known free water cement ratio in 
their mixes.
Pomeroy et al (14) have also reported a noteworthy study, limited to 
a single size aggregate (4.75 - 9.5mm) added by increments to neat paste, 
up to 58% aggregate volume; the results showing a progressive decrease in 
strength to 40% aggregate volume followed by a small increase in strength.
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Cube Crushing Strength against Aggregate Volume Concentration
Key to Figure (2.1)
Author and Reference Water/ Aggregate Type Symbol
Cement Ratio
Hughes and Ash (8) 0 .3 2  (F) Limestone O
0 .4 0  (F) n ©
0 . 4 0  (F) ii □
0 .6 4  (F) i i O
0 .4 0  (F) Basalt 0
0 . 4 0  (F) Granite o
Wright and McCubbin 0 .4 5 Assumed Thames Valley A
(9) 0 . 6 i i >
Erntroy and 0 .4 Assumed Thames Valley <
Shacklock (16)
0 .4 5 i» V
0 .3 5 it A
Singh (11) 0 .5 5 Mortar Grading 7 V
i i 5 >
it ii it ^ <
i i 3 X
t! H u 2 .+
I I
.
it ii A
Collins (12) 0 .3 2 Crushed Granite/
Natural Sand
A
■II 0 .3 6 n <
it 0 .4 0 M V
it 0 .3 2 Crushed granite and 
..Crushed granite/ 
Natural Sand
>
ii 0 .3 6 it IS
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Author and Reference Water/
Cement Ratio
Aggregate Type Symbol
Collins (12) 0.40 Crushed Granite and 
crushed granite/ 
Natural Sand
0
n 0.32 Natural Sand m
tt 0.36 tt 0
it 0.40 tt O
Johnson (13) 0.45 Assumed Thames Valley
u 0.50 n o
Tt 0.55 n
Pomeroy et al (14) 0.35 4.75-9.5 Thames 
Valley*
o
it 0.35 tt (D
1! 0.35 tt ©
Hobbs (15) 0.35 (F) Thames Valley
it 0.47 (f) it ©
u 0.59 (F) tt ©
u 0.71 (F) n iv
* Test with specimen ends lubricated
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This is particularly interesting since it is the only work 011 cubes 
solely directed towards examining the effect of aggregate volume on 
strength. Regrettably no mention is made of the attempts, if any, to 
allow for aggregate absorption effects 011 the free water cement ratio.
2.2.2. Compressive Strength
For the purpose of this section the distinction has been made between 
cube crushing tests and tests 011 prisms or cylinders designed to measure 
the ’compressive strength’of concrete.
The results are shown in figure 2.2 and again it is remarkable that 
the rate of strength increase for increasing aggregate volume is surprisingly 
similar for most of the sets of points.
An exception to this is the work of Ishai (20) on mortars which shows 
a small increase in strength from 10-30% aggregate volume followed by a 
considerable decrease in strength up to a maximum value of 80%. This cannot 
be explained solely in terms of increasing voids, since additional data is 
presented which shows that the voids ratio only starts to increase at 
approximately 50% aggregate volume. Ward (17) reported that a concrete 
with a Thames Valley aggregate at a water content ratio of 0.6 produced a 
slight strength decrease with increase in aggregate volume whereas all his 
other mixes, including another made with Thames Valley aggregate conform to 
the upward pattern.
Pomeroy et al (14) also included prismatic and cylindrical specimens 
in their study. It is interesting to note that at low volume concentrations 
the prismatic specimens show a much more marked decrease in strength than 
the cylindrical ones and that cubes are relatively insensitive. This 
difference is less marked as the strengths begin to increase at volume 
concentrations above 40%.
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Uniaxial Compressive Strength against Aggregate Volume Concentration
Key to Figure (2.2)
Author and 
Reference
Specimen
Type
Water/Concrete 
Ratio
Aggregate Type Symbol
Hughes & Ash 
(8)
Cube
with
M.G.A.
0.32 (F) Limestone O
it pad 0.40 0?) I I ©
i i 0.40 (F) Limestone/ 
Thames Valley n
it 0.64 (F) IT O
i i 0.4 (F) Basalt f3
n 0.4 (F) Granite .0
Welch (4) Cylinder 0.4 (F) River Gravel A
Ishai (16) Cylinder ? Mortar
Johnston
(6)
Prism 0.45 (F) Assumed Thames 
Valley
<
Ward (17) Prism 0.5 (F) Quartz V
it n 0.6 (F) it A
it ii 0.5 (F) Mount Sorrel 
Granite
V
it i i 0.6 (F) i i >
ti it 0.5 (F) Thames Valley 
Gravel <
11 i i 0 .6 (F) IT X
Pomeroy et 
al (14)
Cylinder 0.35 4.75-9.5 
Thames Valley
+
i t ii 0.35 i i A
ii Prism 0.35 it <
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Author and 
Reference
Specimen
Type
Water/Concrete 
Ratio
Aggregate Type Symbol
Pomeroy et 
al (14)
Prism 0.35 4.75-9.5 
Thames Valley
V
it Cylinder 0.35 it <J>
n Prism 0.35 tt 0
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2.2.3 Normalised Plot
In view of the remarkable similarity of slopes between the various 
sets of results, it was decided to try to plot them on a common basis to 
see if a relationship exists that is independent of aggregate type and 
water cement ratio, which also implies independence of strength level.
The system finally chosen was to plot the slope of each line (and 
in the cases where a line with more than one slope existed, the slope of 
each section of the line) against the strength intercept at 70% aggregate 
volume. In some instances the highest concentration tested was a.few 
per cent below the 70% norm. In these cases the line was extrapolated to 
obtain the 70% norm. The work of Pomeroy et al (14) is excepted for both 
cubes and uniaxial specimens as an extrapolation from 58% to 70% was 
considered unreasonable.
Figure 2.3 (a) shows the rate of change of uniaxial strength plotted 
against strength at 70% aggregate volume. Figure 2.3 (b) shows a similar 
plot for cube strength.
It is interesting to note in figure 2.3 (b) that most mixes reported
have strengths at 70% aggregate volume concentration of less than 47 or
2greater than 68 N/mm but this gap in strength levels is not easily 
explained.
Curve fitting routines (27) described in Appendix (1) were used to 
find approximating polynomials for the points in figure 2.3 and the 
resulting best fit polynomial is plotted on the graphs. The curves are 
quadratic functions, it being found that no advantage was gained from 
fitting curves up to the order of 5. The results from Ishai (16) shown 
circled in figure 2.3 (a) and from Singh (11) circled in figure 2.3 (b) 
have been excluded from this exercise for two reasons. Firstly, in the 
plots of strength against aggregate volume concentration, (figures 2.1 and 
2.2) they are in opposition to the general trend and secondly, their 
distance from the main body of points in figures (2.3) suggests that they 
form a different population.
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The plotted curves can now be used to predict the effect of 
changing the aggregate volume concentration on either cube or uniaxial 
strength 011 a given mix as follows
a) Firstly the water cement ratio and aggregate type are chosen.
b) A mix is produced at an aggregate volume concentration of 70%
and the strength is measured at 28 days.
c) The rate of change of strength for unit change in aggregate
volume concentration is obtained from the ordinate of 
figures 2.3 (a) or (b) at the appropriate strength level.
Since all the available data falls in the range 57 to 75% aggregate 
volume, predictions outside this range should not be attempted. Similarly 
the curves plotted in figures 2.3 (a) and 2.3 (b) must not be extra­
polated outside the range of strengths included in their formulation. It 
is for this latter reason that the equations for the functions derived 
have not been quoted.
2.3 The Effect of Aggregate Volume 011 Tensile Strength
The behaviour of concrete in tension is, in comparison with the 
compressive behaviour, a relatively unresearched topic. In addition, 
much of the work that purports to study the tensile strength of concrete 
has been carried out using indirect methods, in particular the split 
cylinder test. Hannant (23) and Hannant, Buckley and Croft (24) 
supported by much other data (24) have shown the split cylinder test to 
be unreliable. Therefore, for the purposes of this research, only work 
carried out in a clearly direct tensile system has been reported.
Two authors provide data in this area, namely Johnston (6) and 
Ward (17). Fortunately both authors have taken care to establish a 
known free water/cement ratio. As can he seen from the plot in figure
2.4 the authors are not in agreement,' Ward (17) showing a strength increase 
and Johnston (6) a decrease with increasing aggregate volume. There is
- 15 -
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Tension Strength against Aggregate Volume
Key to Figure (2.4)
Author and Reference Water/Cement 
Ratio
Aggregate Type Symbol
Johnston (6) 0.35 (F) 9 O
tt 0.45 (F) ? &
Ward (17) 0.5 (F) Quartz □
0.6 (F) it O
0.5 (F) Mount Sorrel 
Granite
0
0.6 (F) it Q
0.5 (F) Thames Valley A
0.6 (F) it P
Note (F) indicates free water cement ratio
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an important difference in the method of specimen preparation adopted 
by the two authors, Ward (17) casting his specimens with the long 
axis horizontal, causing any bleeding planes to be formed perpendicular to 
the direction of cracking at failure and Johnston (6) casting vertically 
causing his specimens to be more sensitive to the effects of bleeding 
(25).
2.4 The Effect of Aggregate Volume on Other Properties
Ishai (16) in studying mortars has reported increases in Young’s 
Modulus, bulk density and ultrasonic pulse velocity to a peak value at 
50 - 60% volume concentration, after which the values fall sharply, due 
to the repeated rise in voids ratio, which started at about 50% volume 
concentration. Flexural strength is also shown to increase with 
increasing sand volume but as with compressive strength reported above, 
reaches a peak at about 40% sand volume and then starts to decrease 
significantly.
With respect to Modulus, Ishai (20) reported some very interesting 
work. He presented data to show that increasing the volume of aggregate 
produced a linear change in modulus, for a wide range of aggregate types 
and aggregate/matrix modular ratios and this change could be expressed 
by an equation of the form:-
E = E (1 + KC-V) (2.1)c m ' ‘ ;
where, E and E are the respective moduli of concrete and hardened cement c m
paste, Cv - Va/Vc, the volume concentration of the aggregate and K is 
a constant dependent on the elastic properties of the aggregate and cement 
paste. Calculating K and plotting it against the modular ratio m = Ea/Em 
produced a continuous curve which assuming the linearity of equation (1) 
can be represented by the equation:-
E = E (1 - 1.85 Cv) (2.2)c m  v '
These two equations are significant in that they permit simple
-  18 -
prediction of Young’s modulus for concrete mixes with different aggregates 
and mix properties.
Brown (19)in a readable exposition reviews briefly deterministic 
and instability theories for the effect of aggregate content on strength 
and modulus. The sophisticated deterministic models are shown to be 
of little value to an engineer since they provide limits for modulus values
the upper hound of which may often be 2§ times the lower.
Instability theories are suggested as being more useful and the 
experimental work of Almandoz and Paporoni (26) is quoted by Brown (19) 
to confirm the predicted sudden reduction in strength and modulus, which 
occurred at a point when the ratio of the volume of inclusions to total 
body volume was of the order of 0.4.
Hobbs (18) has studied on a purely theoretical basis the effect of 
aggregate volume on bulk modulus, Young’s modulus, creep, shrinkage and 
thermal expansion of concrete presenting elegant expressions for the 
prediction of these properties, based on the assumption of a two phase 
material consisting of aggregate particles dispersed in a cement matrix.
Hobbs (15) further developed this work with respect to the strength 
of concrete, though applications in a general sense could be limited, due 
to the difficulty of obtaining values for several of the parameters 
necessary for the theoretical expressions.
In.an interesting piece of work, from which experimental results were 
extracted for use in figures 2.1, and 2.3, Pomeroy et al (14) develop and 
use two equations for the failure stress of concrete as follows:-
of = Up (1 - bDa (1 - Da)) (2.3) •
or of = ((Ea ~ Em) Da + Em + Ea) (2.4)
- 19 -
depending upon whether
_ z S. Ea - Em
Da ^ o r  ~2EaF
where Up = uniaxial compressive strength of paste
Da = aggregate volume concentration
Ea and Em - Young's moduli of aggregate matrix
b ~ constant greater than unity
The expression (3) is convenient in that a value of b can be chosen 
to make it fit the data presented. Expression (4) is very insensitive 
to changes in modular ratio and, as is shown by Pomeroy et al (14) does 
not fit the experimental points very closely.
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3. Strain Measurement
3.1 Introduction
The principal aim of this research was to examine the relationship 
between strength and aggregate volume for concrete. However, it was 
evident that data concerning the stress/strain behaviour of the concrete 
could also be obtained during the strength tests. It was therefore 
decided that longitudinal strain and ultrasonic pulse velocity (U.P.V.) 
would be measured during both tension and compression tests, and an 
attempt would be made to measure lateral strain during compression tests 
only.
A scan of the literature reporting work in which strain measurements 
figure prominently indicated that strain measurement is generally taken 
for granted, little data being presented relating to the accurac}^ or 
repeatability of the techniques or to the difficulties encountered in the 
development and operation of the instrumentation.
It was therefore decided to examine the literature carefully in order 
to set down the criteria generally regarded as being important for a 
.. satisfactory strain measurement system and then to attempt to produce 
apparatus meeting these requirements.
3. 2 Longitudinal Strain Measurement
3.2.1 Literature Review
3.2.1.1 Electrical Resistance Strain Gauges
The application of electrical resistance strain gauges (E.R.S.) to 
strain measurement on concrete has been studied in depth by Binns and 
Mygind (28) and by Newman et al (29). These authors examined the 
relationship between particle size and gauge length and compared on surface 
and insurface strain measurements. This work established some important
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basic principals in relation to the use of E.R.S. gauges, and particular 
emphasis was placed on the selection of a gauge length appropriate to the 
aims of the investigation. For general information concerning the likely 
behaviour of concrete as a structural element an average strain measured 
over a gauge length of at least three times the maximum particle size was 
recommended. However, a study of interparticle movements within the 
concrete could best be served by local measurements on very short gauge 
lengths. An accuracy of _+ 5 microstrain was also established as being 
reasonable.
3.2.1.2 Demountable strain measuring systems
The difficult time consuming process of bonding E.R.S. gauges to moist 
concrete surfaces has led to the development of a range of clip on or stick 
on systems.
The well known Demec gauge reported by Morice and Base (30) is a very 
successful version of the demountable strain gauge. An important principle 
which should be satisfied by any demountable strain measuring device was 
defined in this paper (30) as follows;-*
"Strain is regarded as being measured between two small 
sensibly rigid parts of the deformable body. These bodies 
may exhibit six degrees of freedom relative to each other 
... . Any instrument designed to connect these two bodies 
must, in order to avoid internal straining, allow these 
six movements". (See figure 3.1).
Various demountable devices using E.R.S. gauges bonded to rings or to 
strips have been reported (29, 31) but none of them satisfy the end condition 
requirements, some (31) are insensitive and others could easily be damaged 
if called upon to measure large strains (29)•
Barnard (32) dispensing with E.R.S. gauges, measured the change in 
distance between two planes defined by bolts screwed through a ring onto the 
specimen surface. This type of device is unsatisfactory for two reasons;
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firstly, it: does not allow the required freedom at the attachment points, 
and secondly, if the specimen is not uniformly strained, the defined 
planes will tilt relative to each other and erroneous measurements will 
be obtained.
A spring loaded strain frame which does satisfy the criteria of Morice 
and Base (30) has been reported by Te’eni (33). This frame is limited to 
measuring two longitudinal strains on opposite faces, and one lateral 
strain across the faces, which is insufficient to indicate the presence of 
non-uniform strains in two orthogonal vertical planes and allow an 
average to be taken.
One of the simplest systems reported (34) uses two separate mounting 
blocks stuck to the surface of the concrete, a transducer being clamped in 
one of them, with its probe bearing against the other. This type of system 
allows the necessary end freedom, but would be affected by rotation of the 
mounting blocks. However, these rotations are not likely to occur in any 
magnitude during a well controlled test and the system is easy and convenient 
to use.
3.2.1.3 Strain measurement system requirements
From the study of the literature, an assessment of the likely testing 
conditions and knowledge of the equipment available in the laboratory, the 
following list of requirements was drawn up<,
1. The criteria set down by Morice and Base (30) should be satisfied.
2. The system must measure strain during normal compression and tension 
strength tests.
3. A resolution of 1 microstrain and a 75 mm gauge length was desirable
to enable meaiiingful measurements to be obtained in tensile tests where 
failure may occur at a strain of less than 100 microstrain.
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4. Compatability was required with the Westland data logger available
in the laboratory, which accepts D.C. inputs.
5. Setting up time must be reduced to a minimum.
6. The system must be useable on both saturated and dry specimens.
7. Stability should be sufficient to permit tests of 10-20 minute 
duration to be undertaken.
8. Longitudinal strain had to be measured in four locations, with no 
external rigid interconnection of the mounting points.
3.2.2. Development of System
3.2,2.1 Introduction
Having identified the desirable characteristics of the measurement 
system the transducers and mounting devices had to be selected and designed 
respectively and their reliability established. As the system evolved it 
became clear that a simple electrical connection between the chosen trans­
ducer and the data logger was not possible and so further work was necessary 
to establish an appropriate interface between the two. This work was under­
taken by a specialist in electronic instrumentation but will be discussed 
briefly so that other researchers may be aware of the type of problem 
encountered at the stage of equipment selection.
3.2.2.2. Selection of Transducer
Four types of transducer xvere investigated, E.R.S. gauges, potentio- 
metric displacement gauges, capacative transducers and linear variable 
differential transformer (L.V.D.T.) gauges.
E.R.S. gauges were rejected because of the time consuming and difficult 
problem of glueing to the wet specimens. Also, the accuracy which could he
- 25 -
obtained of —  5 microstrain was insufficient.,
Potentiometric gauges were rejected for several reasons. Their out­
put is stepped, they require a relatively large force for their operation, 
and are prone to mechanical wear. It must be noted however that recent 
developments with conductive plastic type transducers have produced devices 
which overcome the above objections and are probably worthy of investigation 
for use in future strain measuring systems.
The most stable and sensitive transducer available was the capacitive 
type. However, these units were severely limited in the overall displace­
ment that they could accommodate which would restrict their use to the 
measurement of relatively small strains. Also the output from the trans­
ducers was not compatible with the existing data logger without some very 
costly interfacing equipment.
This leaves the L.V.D.T. which was chosen as the best compromise 
relative to requirements and the cost of satisfying them. The device operates 
as a transformer,primary coils being excited at a fixed level, and the 
secondary coils being excited via a moveable soft iron core, which is free 
to move relative to the body of the transducer. This type of transducer 
operates only on alternating current, but is available with low cost 
oscillator - demodulator units which make it compatible with the Westland 
logger. Also it has ample sensitivity to satisfy the requirement for one 
microstrain resolution.
3.2.2.3 Selection of Mounting System
A simple system of glueing individual mounting blocks onto the concrete 
surface similar to that of Spooner (34) was finally adopted. One block was 
cut in half, each half being shaped to provide a seating for the transducer 
which was clamped into place by screwing the halves together. The other 
block had an adjustment screw through its centre on which rested the other 
end of the transducer. This screw was used for fine adjustment when setting 
up the transducer. The blocks were glued to the concrete with plastic padding 
which sets hard in about 10 - 15 minutes and would adhere satisfactorily to
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moist surfaces. The gauge length was easily set by use of an appropriate 
spacer bar. Figure (3.2) shows the mounting blocks together with spacer 
bar and an L.V.D.T.
As indicated in discussing Spooner’s (34) work this type of rig does 
not satisfy the criteria of Morice and Base (30) completely, hut is regarded 
as being satisfactory in the conditions likely to he encountered in this 
research. It also ensured that each measuring point was attached independ­
ently of the others.
3.2.2.4 L.V.D.T. - Data Logger Interface
It became evident at an early stage that the L.V.D.T.Ts were not 
providing a satisfactory electrical signal to the Data logger. A high level 
of electrical noise made it impossible to achieve the required resolution, 
though this was, theoretically possible. Also some interconnection occurred 
between channels which lead to completely erroneous, though apparently 
reasonable readings.
In order to overcome this problem Sands - Whitely Research and 
Development designed an interface which effectively eliminated the problem. 
The unit consisted essentially of three stages. The first two were tuned 
capacitive filters to remove a large proportion of the electrical noise.
The third stage was an amplifier with a fixed gain, which served several 
purposes, as follows:-
1. It further reduced noise by integrating it.
2. It isolated the capacitive filters from the data logger thus 
partially curing the problem of interconnection of channels.
3. It produced a low output impedance which further reduced the 
channel Interconnection problems resulting from the data logger’s 
internal filters.
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4. The output was converted from a differential mode to a
single ended mode thus overcoming noise problem due to ground 
loops and interference from the logger's own power supplies.
This unit has enabled the required sensitivity to be achieved with a 
comfortable safety margin and provided the necessary stability. However, 
a period of some fifteen minutes was necessary to allow the system to 
stabilise before a test was undertaken. This system has operated reliably 
for about four years being used by both Kolias (35) and Edgington (36) for 
their research. Calibration accuracy has been maintained throughout a 
prolonged period of use.
3.2.2.5 Verification of system
In order to be able to calculate strain accurately from the measured 
displacements it was necessary to know the precise length over which the 
measurement was made.
The definition of gauge length was complicated by the use of 6mm wide 
mounting blocks and although it was felt that the gauge length would be 
defined by the distance between the centres of the blocks it was necessary 
to check this experimentally.
A test piece of 25mm x 6mm cross section was machined from a steel bar 
and attachments were provided so that the bar could be loaded, in tension, 
through universal joints. A strain gauge of 100mm gauge length was bonded 
to each 6mm face, and mounting blocks at 100mm and 76mm centres vere attached 
to the 25mm face. Ideally the bar would'have been perfectly straight, but 
it was found to be impossible to machine the bar to the required accuracy 
since the machining process itself relieved stresses causing the bar to bend. 
This meant that the strains measured by the individual gauges could not be 
compared due to bending effects. However, the average strain measured by two 
E.R.S. gauges and two L.V .D.T.fs should have been equal if the L.V.D.T. gauge 
length was correctly measured.
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Figures (3.3) and (3.4) show the results of the tests with the moxmting 
blocks at 100mm and 76mm centres respectively, assuming centre to centre 
and inside face to inside face gauge lengths.
Figure (3.3) shows that with a 100mm gauge length the two assumptions 
of face to face or centre to centre have little effect on the agreement 
between L.V.D.T.s and E.R.S. gauges, the first assumption yielding results 
approximately 2§% high and the latter yielding results approximately 2§% low.
However, at 76mm gauge length (figure 3.4) the difference is more 
significant, the face to face assumption yielding results 10% above the 
E.R.S. gauge results. The centre to centre results are, as in the previous 
test within 2|% of the E.R.S. gauge results.
On this evidence it was concluded that a centre to centre measurement 
should be taken. It is also evident that at 100mm gauge length the error 
caused by incorrect assumption of the guage length is small.
3.3 Lateral Strain Measurements
It was intended to study the progressive cracking of concrete in 
compression by measuring lateral strain and using this to plot stress- 
volumetric strain diagrams. The shapes of these plots would hopefully have 
produced information on the progressive breakdown of the internal structure 
of the concrete and shed light on the role of increasing volumes of aggregate 
in the mechanical behaviour of the material.
The device used by Barnard (32) consisting of a steel strip wound around 
the specimen and attached to dial gauges appeared to offer a satisfactory 
system for measuring average lateral strains on cylindrical specimens. A 
similar device has been reported by Lee and Morgan (37) and also used 
successfully in automated form (38).
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An attempt was made to develop an automated version of Barnard's (32) 
rig substituting L.V.D.T.s for the dial gauges. Preliminary tests carried 
out using an aluminium specimen to which E.R.S. gauges had been attached 
to provide a comparison, indicated that the rig did not register satisfact­
orily with a specimen in a low state of stress, but as the specimen was 
stressed .further, and the magnitude of the strain increased it gave 
encouraging results.
It was therefore decided to attach the rig to the compression specimens 
(figure 3.5), but examination of the results indicated that they were 
unreliable and so the intended study of progressive failure was abandoned.
The fault in the system was never positively identified but it was 
probably associated with the necessity of overcoming the static friction 
force between the steel tape and the specimen before any lateral strain 
could be registered and this rendered the strains unreliable.
3.4 Ultrasonic Pulse Velocity Measurements
The digital U.P.V. apparatus, reading to 0.1 microseconds, was built 
by the Department of Electrical Engineering of the University of Surrey 
because the commercially available digital equipment (Pundit) did not at 
that time have sufficient accuracy for the purpose as it only measured to 
1.0 microsecond . The University of Surrey unit was also fitted with an 
analogue output for use with the data logger. However, noise problems were 
encountered which were overcome by constructing a filter unit similar to that 
used with the L.V.D.T.s. The results obtained with this system are discussed 
in chapter 8.
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Figure 3.5 Specimen in machine with instrumentation attached
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Chapter 4 Strength Measurement
4 o1 Compressive Strength
4.1. 1____ Introduction
Two major factors were considered in relation to the measurement of
compressive strength. Firstly, the test regime to be employed and secondly,
the specimen size and shape. The selection of specimen size and shape 
involves consideration of uniformity of stress within the specimen, ease of 
strain measurement and effect of shape on aggregate packing, and maximum
size of aggregate. In considering the test regime to be adopted, uniformity
of applied strain was a major consideration together with the use or non'' 
use of a spherical seating.
These two issues are obviously interrelated, but for the sake of 
clarity will be discussed individually in the following sections.
4.1.2 Equipment for Applying and Recording Compressive Stress.
From the results of work carried out in the laboratory by the author 
(39) it was obvious that the standard Denison T60C testing machine in the 
laboratory could not apply uniform strains to a prismatic specimen. These
tests also suggested spherical seatings could not be relied on to remain
completely locked throughout a compression test, particularly if the test 
continued beyond the maximum load sustained by the specimen. It was 
therefore decided to purchase a testing machine that could readily be modified
to operate without a spherical seating.
Accordingly, a secondhand Contest Instruments G.D.10 machine of 200 
tons (2000 kN) capacity was purchased and modified for the intended tests.
The modified machine, with a specimen in place is shown in figure (4.1). 
Removal of the spherical seating was accomplished by simply unbolting it and 
substituting a machined blank. However, considerable modification was 
necessary to achieve load measurementof adequate precision, which could 
also be recorded automatically by the laboratory's data logger.
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Load measurement on the standard G.D.IO is by a simple hydraulic 
pressure gauge driving a pointer over a scale. This was insufficiently 
accurate for our purposes particularly since specimens were expected to 
fail at loads in the region of 150 - 250 kN.
A special load cell was produced by W. H. Mayes xtfith thick, solid end 
plates substituted for the standard thin plates xtfith a central hole. This 
load cell x-7as recessed into the ram of the testing machine so that it was 
accurately located at the centre of thrust and could not be accidentally 
displaced from this position.
A load indicator was designed and constructed to the author’s specific­
ation by Sands Whitely R. and D. in. xdiich a digital display allowed load 
to be measured to an accuracy of 0.1 lcN in the range O.o “ 99.9 kN and to 
1 1?N from 200 lcN to the limit of the load cell's capacity (1,000 lcN) . A 
facility for storing the maximum' load xvas also incorporated xvrhich could be 
switched, at any time up to 30 minutes after failure, to display on the 
digital indicator. Three plug sockets x^ ere provided to give electrical 
output appropriately scaled to drive a chart recorder, a load pacing unit 
and the data logger.
Load pacing was achieved using a general purpose unit designed and 
constructed by Heston Technical Services to the author’s specification.
This unit generates a continuously variable voltage xtfhich increases linearly 
with time up to a maximum of 10 volts. The time taken to achieve maximum 
voltage is adjustable in calibrated steps to a maximum of 2,700 secs, with 
an uncalibrated fine control for interpolation between the stepped values. 
The pacer unit received the electrical output from the load indicator and 
compared it xd.th the value of the generated voltage, displaying the error 
on a moving coil meter with central zero. With practise it x^ as possible to 
control the load to x-jlthin + 2 kN of the desired value at any time during 
the test, until very near the point of maximum load.
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4.1.3 Selection of Specimen Size and Shape
The many factors affecting the choice of specimen size and shape 
are dealt with under separate headings below.
4.1.3.1 Moulds
Moulds were available for the manufacture of 100mm square by 250mm 
long prisms. Also, a simple method of manufacturing cylinder moulds of
100mm diameter from split steel tubes had been tried and proven successful.
The choice therefore was between cylindrical specimens of a height/diameter 
ratio as required or a prismatic specimen with a height/side ratio of 2.5. 
Thus the discussion which follows will centre on arguments for and against 
each type of specimen.
4.1.3.2 Capping
Capping, which is to say the least inconvenient, and is also a possible 
source of error in strength measurement was not confined to one type of 
specimen. In order to ensure conformity with the fixed top platen of the 
testing machine a cap was necessary for both the prismatic and cylindrical 
specimens. Thus the strong objection to compressive testing with cylindrical 
specimens, the need to cap, is obviated.
Details of the capping procedure and experimental checks on the capping 
efficiency are given in chapter 6.
4.1.3.3. Bleeding
It has been observed by Spooner (40) and Gilkey (41) that cylinders 
tested in compression tend to fail at one end, identified as the top surface 
as cast. Gilkey attributed this tendency to the bleeding of water to the 
top surface during setting thus causing weakness through increased water 
cement ratio at the top of the specimen. It is possible that both bleeding 
and capping affect the tendency to fail at one end.
However, all the specimens in this investigation were rotated with their 
long axis horizontal for 24 hours after casting and therefore most bleeding
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effects should have been eliminated, so a further objection to the use 
of cylinders for compressive strength determination was eliminated.
4.1♦3.4 Compaction Planes
Compaction planes formed in a prism, which is normally cast flat, 
are parallel to the principle direction of cracking (vertical splitting) 
and, being planes of weakness, could affect the results of strength tests. 
Similar planes formed in a cylinder are perpendicular to the direction 
of splitting and so are less likely to affect measured strengths.
4.1.3.5 Strain Measurement
Lateral strain, on a 100mm square prism would be measured over a 
relatively short gauge length, to avoid corner effects. With a cylinder the 
technique considered (see Chapter 3) is more difficult but if operating 
satisfactorily, the transducers used to detect strain can be operated at 
reduced sensitivity because the movements which have to be detected are 
much larger. This leads to more accurate and reliable results. Also the 
measurement on a cylinder could be of more use in detecting volume changes 
since it measures the average strain around the specimen at a given section.
For longitudinal strain measurement a specimen height/diameter ratio 
of greater than 2.5 is desirable. It has been shown that (42) a specimen 
tested in compression bulges outwards near its end at locations which appear 
to coincide with the apices of the pyramids of intact material left at the 
ends of the specimen after the test. In a specimen 100mm square by 250mm 
long the bulge will occur at approximately 50mm from the ends, i.e. half 
the width. A gauge length of 100mm for strain measurement means that 
mounting blocks will be attached 75mm from the end and could therefore be 
affected by the bulging of the specimen causing errors in strain measurement. 
To safeguard against this possibility it is regarded that a height/diameter 
ratio of 3 should be adopted.
_ 3 9  _
4.1.3.6, Aggregate Packing
The shape of a mould can have considerable effect of the packing 
characteristics of the aggregate particles in a concrete mix, particularly 
at high aggregate volumes. For a given aggregate grading, the greater the 
surface area/volume ratio of the container, the higher will be the concent­
ration of voids at the container surface, thus increasing the quantity of 
paste necessary to fill these voids. This will then reduce the aggregate'/ 
paste ratio in the body of the specimen, resulting in a locally more closely 
packed aggregate structure. For the two specimens’' shapes under consideration, 
a prism of 100 x 100 x 250 mm or a cylinder of 100mm diameter, 300mm high, 
the surface/volume ratios are 0.048 and 0.047 respectively, which suggests 
that a cylindrical specimen will have .a marginally lower concentration of 
paste at its surface. However, the standard prism mould in which the 
specimen is cast with its long axis horizontal has a smaller mould surface/ 
volume ratio than the cylinder being 0.038 and 0.043 respectively and will 
produce a specimen with a more uniform dispersion of aggregate particles in 
the paste. This is particularly significant in a mix in which there is 
barely sufficient paste to fill the voids in the graded aggregate, as was 
the case with the 80% aggregate volume mix.
The discussion above suggests that there is little advantage to be 
gained in choosing one specimen shape in preference to the other. However, 
the prospect of more reliable strain measurements, combined with the 
avoidance of corner effects justify a decision to use cylindrical specimens.
4.2 Tensile Strength
Tensile strength was measured using the friction grip technique 
reported by Johnston and Sidwell (43) and examined for the Construction 
Materials Research Group, University of Surrey by Kolias (35).
Observation of a large number of test results suggested that the 
aggregate maximum size had an effect on failure location, there being more
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failures within the grips as the maximum particle size decreased, until with 
the cement paste almost all specimens failed within the grips,
Hannant (44) carried out a series of tests comparing the strength 
measured on tapered specimens, using a specimen shape developed by Ward (18), 
with strength measured on straight specimens. He found for maximum 
aggregate sizes above 5mm a high proportion of the tapered specimens 
failed in the reduced section. Also, assuming that the strength measured 
on the tapered specimen was the 'true* tensile strength, the straight 
specimens underestimated tensile strength by a progressively larger margin 
as the maximum particle size decreased.
It was therefore decided to use the tapered specimen in preference to 
the straight specimen for the tests reported in this study. A specimen set 
up for tension testing is shown in figure (4.2),
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5. Determination of Aggregate Properties
. 5.1 Aggregate Absorption
5.lob Introduction
In order to ensure a constant free water cement ratio throughout 
the range of aggregate volumes it was necessary to know, with as great 
a precision as possible, the absorption characteristics of the Thames 
Valley gravel aggregate used. Work published by Newman and Techenne (21) 
and by Newman (45) strongly underlines this point.
The literature (46-57) together with the experience of Lofthouse
(58) indicated that the standard methods of measuring absorption in B.S.
812 (46) were unsatisfactory from a practical standpoint and prone to 
considerable operator error. Various modifications to the standard pro­
cedures and some new approaches have been suggested (51-56) and of these, 
techniques using air at high humidity to dry the aggregate have been tried 
with some success (56).
Research at Birmingham University has examined, in detail, the problem 
of measuring aggregate absorption. A ’static1 test was examined initially
(59), a sample of wet aggregate being dried in still air at a known relative 
humidity. This was very slow and was therefore developed (60) into a system 
in which air was drawn through a sample and a drying curve of weight loss 
against.time plotted which had a discontinuity as the aggregate reached the 
saturated surface dry condition. This system was further developed (61) into 
a more rapid test for fine aggregate and an automatic test for coarse 
aggregate. This approach had much to commend it as it eliminated operator 
error.
In view of the proven unsatisfactory performance of the standard tests, 
and the promising nature of the saturated air technique, apparatus was 
constructed which was as close a replica as possible of the apparatus in use 
at Birmingham.
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Since this is a recent technique which does not appear to be widely 
known and which is vital to the main investigation the general principles 
of the test have been extracted verbatim from the Hughes and Famili (61) 
paper and are given in 5.1.2 and 5.1.3. The author's detailed results and 
criticisms are also presented in this chapter..
Unfortunately, it was not possible to reproduce the apparatus for 
automatically testing coarse aggregate and therefore the manual version 
of the test was constructed and described herein. However, the procedure 
recommended by Hughes and Famili (61) was adopted and is given in 
Appendix. (2).
5.1.2 General Description of Drying Curves
"The foregoing results explain some of the complexities of the 
absorption test which had not become apparent when the original 
technique was evolved. Figure (5.1) shows a typical relationship 
between sample weight and the volume of air at 100% relative humidity 
flowing through it.
"All the particles are covered with a thin film of water at point 
Af. A^ to A^ represents a constant rate period for the evaporation 
of free water from the surface of the particles. Observation of the 
particles at point A^ shows that the surfaces in the upper regions 
of the sample are dry while the surfaces at the bottom still retain 
some free moisture.
"A falling rate period exists between points A^ and A^ in which 
surface moisture is lost with increasing difficulty. In addition, 
however, it is probable that some moisture is also lost from the 
surface pores during this period. Hence point A^ represents a 
condition which is drier than the SSD condition. This is partic­
ularly noticeable for porous aggregates which exhibit a comparatively 
long falling rate period between points A^ and A^.
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FIGURE 5.1 Typical Drying Curve showing Absorption
Characteristics
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" a  short constant rate period usually occurs between points A^ 
and A^. It can be assumed that, in this interval, some moisture 
is being lost from the surface pores. At point A^ the water in 
the surface pores is no longer at a very shallow depth and the 
resistance to further loss increases. A second falling rate 
period therefore exists between points A^ and A,,. The rate of 
loss then stays approximately constant at a very low value after 
point A,., -
It is clear from the above that the SSD condition of the sample 
is represented by a point situated somewhere between A^ and A^.
Hence the intersection of the first and second constant-rate 
portions A^ A^ and A^ A^, gives a close approximation to the SSD 
condition. Notice that the time scale for the original tests (1) 
was so large that the tests rarely extended beyond point A^.
5.1.3. Accelerated Absorption Test for Fine Aggregate
"The general arrangement of the apparatus for the accelerated 
absorption test is shown in Figure 5.2. Saturated air passed through 
a copper heat exchanger, described elsewhere, to attain the constant 
temperature of the room. The air was then drawn through a distributor 
into one or two 13mm (§ in) diameter rubber tubes, each leading to 
a gas meter. The gas meters enabled the air flow to be determined 
for each container assembly. Each assembly consisted of an upper 
glass funnel (with valve) above a shallow glass container which was 
itself mounted on a metal cup (with valve) as shown in Figure 5.2.
All joints were vacuum tight. The air was dispersed in the upper 
funnel and was drawn uniformly through a sample of shallow depth to 
an aspirator by the vacuum pump.
"A third tube from the air distributor led to a wet and dry bulb 
thermometer assembly. The relative humidity of the air passing 
through the apparatus could be determined from the depression of 
the wet bulb and the appropriate humidity charts.
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FIGURE 
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"A fourth tube from the air distributor led to a sample 
container which could be introduced as a dummy when one of two 
or more samples was being weighed. This avoided any large 
increases in flow through the remaining samples,”
5.1.4. Test for Coarse Aggregate
Figure 5.3 shows a general arrangement of the sample chamber for 
measuring the absorption of coarse aggregate.
This chamber could be substituted for the fine aggregate sample 
container in the system by closing off the pipes leading to the fine 
aggregate sample containers and connecting extra pipes from the air 
distributor to four perforated perspex tubes in the coarse aggregate
chamber. Saturated air was drawn in through these tubes and directed by
deflector plates through the sample which was contained in a wire basket.
In order to ensure that there was no differential drying of the 
sample under test the container was jolted by means of a solenoid 
activated by a time switch.
One disadvantage of this apparatus was that the sample had to be 
removed from the chamber for weighing. However, the results obtained 
proved to be quite satisfactory. A detailed description of the operating
procedure is given in Appendix 2.
5.1.5. Results
Table 5.1 summarises the results of the tests carried out on the 
aggregate used for this research project. Typical drying curves for the 
various size fractions are shown in figures 5.4, 5.5, and 5.6 and a table 
reporting all the test results is given in Appendix 2.
-  48 -
to vacuum pump _ J L
900 x 150 x 150 mm- 
(36 x 6 x 6 in) 
perspex chamber
wet and dry 
bulb thermometer
wing nut
perforated 
sample container
aggregate
Time switch 
B
solenoid energized 
by time switch B
Brass disc
3mm (g in)
diameter suspension rod
anti-implosion 
mercury tube
access window
air deflector plate
Brass plate
4 No 10 mm (g in) 
j perforated perspex tubes
saturated air
FIGURE 5.3 General arrangement‘of apparatus for testing coarse
aggregate.
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5.1.6 Discussion of Test
A number of unexpected problems were encountered in using the saturated 
air technique for measuring aggregate absorption.
In particular the Thames Valley aggregate has been shown to have a 
surface coating or patina which affects the absorption characteristics (45). 
Examination of the various size fractions in the fine aggregate indicated 
the existence of particles of almost uncoated flint, particles with some
degree of coating and also particles of almost pure, patina. A test on some
selected patina particles indicated an absorption of the order of 8%. Hence 
particles with widely varying drying characteristics existed within any 
given sample and tended to obscure the three distinct drying rates on the
curve (see figures 5.5 and 5.6).
This problem was overcome by increasing the number of size divisions 
in the fine aggregate from 4.5-7, 7~25 and passing 25 to the number shown 
in table 5.1, and adjusting the flow rate for each size.
• In all cases reasonably satisfactory drying .curves were obtained. 
However, difficulty was still experienced with the 52-100 size fraction.
This is thought to be due to the existence of the patina in random amounts 
and the relatively large range in particle size causing a wide variation 
in drying rates. Separation on an intermediate sieve was impractical 
because of the considerable amount of work that would have been involved 
in efficiently sieving the large volume of material required for the 
strength tests.
Another problem was in identifying the three constant rate of drying 
portions from some of the curves. This was particularly true for some of 
the finer size fractions where the varying drying rates for different 
particles tended to obscure any easily definable straight lines, particularly 
during the second constant rate period. The procedure eventually adopted 
was to look for the first departure from the initial constant drying rate 
period, which was usually reasonably clearly defined, and then check for a 
second constant drying rate period. -
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It was found that an experienced operator was necessary for inter­
pretation of the curves, and this could be a disadvantage of the method 
since it reintroduces the dimension of operator error.
Unfortunately, no values of standard deviation or coefficient of 
variation have been given in the two publications (60), (61) which discuss 
the saturated air technique. However, in the first of the two papers, (60), 
mean values and the range of values in the measurement are given for a 
Thames Valley sand, tested at similar size ranges. In all cases the range 
of the published results is less than that obtained during the tests 
reported herein.
Examination of the variability of the results obtained by the author 
indicates that a standard deviation in the range of 0.30 to 0.38 has been 
obtained for five of the seven size fractions tested, no values below 0.30 
being obtained. Thus it is possible that this represents the greatest 
accuracy which can be achieved working under the particular conditions 
encountered with these tests.
5.2  Specific Gravity
The method employed for measuring specific gravity of all size 
fractions largely followed that recommended in the Draft Revision of
B.S, 812 (62) for aggregate between 40mm and 10mm nominal maximum size.
However, in order to achieve maximum precision in weighing, the 
glass vessel and sample were reduced to below the recommended size to 
facilitate the use of a 1200gm Mettler balance that was accurate to 
.Olgrn. Three tests at each size fraction were made.
The specific gravity was calculated on the saturated surface dry 
basis since the mix proportions were to be calculated on the assumption 
that the aggregates were in the saturated surface dry condition. The 
results of the tests are presented in Table (5.2) below.
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Size Fraction Determination Average
1 2 3
3 - 3  A 8 2.577 2.558 2.558 2.56
1 - 3/16 2.482 2.475 2.479 2.48
3/16 - 7 2.509 2.501 2.504 2.51
7 - 1 4 2.515 2.518 2.511 2.52
14 - 25 2.548 2.539 2.39 2.54
25 - 52 2.600 2.602 2.604 2.60
52 - 100 2.617 2.631 2.631 2.63
The tabulated results are considered to be satisfactorily consistent.
Calculation of the Specific Gravity on a saturated surface dry basis 
involves use of the values obtained from the absorption tests and there-, 
fore the effect of varying the absorption by jr 1 standard deviation in 
the calculation of each specific gravity was checked. This indicated 
all casses a variation of less than +. 0.1% in the value of the calculated 
specific gravity and was therefore regarded as negligible small.
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6. Specimen Preparation
6.1 Introduction
In order to produce meaningful results from the test series it was 
necessary to meet the following requirements in relation to the manufacture 
of the test specimens.
Graded aggregate had to be added to cement paste in increments of 
20% by volume to a maximum of 80%,at a known free water-cement ratio. The 
specimens had then to be protected against ingress and egress of water 
during curing to maintain this free water-cement ratio.
These requirements posed several problems in relation to the pre­
paration of specimens.
Firstly, in order to achieve a known grading and free water-cement 
ratio close control over the ingredients was necessary. Also in order to 
maintain the grading and free water-cement ratio constant during specimen 
manufacture it was desirable to ensure that all the material mixed was 
placed into the mould.
Secondly, a method for controlling both bleeding and particle distrib­
ution during the settling period was required. This was essential because 
a free water-cement ratio of 0.5 was chosen to ensure adequate workability 
at 80% aggregate volume and serious bleeding would therefore, occur during 
the setting period in neat cement paste and in the lower aggregate volume 
mixes. In addition at aggregate volumes less than 60%, aggregate particles 
would settle to the bottom of the mould if no means of controlling the 
particle distribution was devised.
Finally a system that would ensure efficient curing without allowing 
any change in the moisture content had to be found.
These problems and their solutions will be examined in detail in the 
next three sections and will be followed by details of the capping procedure, 
and a step by step description of the preparation of a specimen for testing.
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6.2 Mixing
Preliminary trials in a small pan mixer to prepare one beam and one 
cylinder at 20% aggregate volume indicated that this method of specimen 
preparation was highly unsatisfactory. The aggregate particles sank to 
the bottom of the pan, and when an attempt was made to divide the mix to 
make the specimens, all control over aggregate volume and grading was lost.
The technique finally adopted was to mix the specimens individually 
by hand in heavy duty polythene bags, with the batch weights being adjusted 
so that sufficient material was added to the bag to fill the mould, leaving 
no surplus. This effectively overcame the problem of ensuring that all 
specimens contained the correct proportions of the constituent materials.
Extra care was necessary when mixing neat paste because of the 
tendency of the cement particles to form lumps which behaved rather like 
pieces of plasticine. The external surface of these lumps was wet, but 
there was no penetration of the water into the interior which was completely 
dry. The only effective way of dealing with these lumps was to allow them 
to settle to the bottom of the bag and then break them up by kneading through 
the bag. This problem was not encountered when aggregate was added to the 
mix, presumably because the abrasion by the aggregate particles broke up 
the lumps during the normal mixing.
6.3 Compaction
Specimens were compacted on a variable amplitude vibrating table, and 
•then sealed. Low amplitude vibration was necessary with all except the 
80% mix to prevent spillage of the material from'the moulds.
A considerable amount of work was involved in finding a procedure that 
would ensure satisfactory particle distribution through the specimen. 
Uniformity was judged from washing out the paste from the partially set 
specimens after about 6 hours rotation on the wheel, the specimens being 
sectioned as in figure (6.1).
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The following vibration procedure was finally adopted for both beams 
and cylinders, the beams being filled by pouring the material into the 
centre of the mould:
1. Vibration for 30 seconds after filling
2. The moulds were sealed, inverted and vibrated for 10 seconds 
to' break up the compacted particles
3. A further 10 seconds vibration followed on the other two 
faces of the beam or on four sides of the cylinder as 
defined by the square end plates (figure 6.2).
Washout tests carried out on a 20% aggregate volume mix showed that 
this procedure produced uniform specimens. The quantity of aggregate found 
in each section, expressed as a percentage of the total material in that 
section, varied by 3% between the four sections of the beam and similarly 
by 3% between the three sections of the cylinder. The tests were carried 
out on parallel sided beams, but a test carried out on a specimen of tapered 
section indicated equally satisfactory specimen uniformity.
6.4 Controlling Bleeding and Aggregate Settlement during Setting
In order to control bleeding and particle settlement in specimens 
while the paste set it was decided to rotate the specimens for 24 hours 
immediately after casting. Figure (6.3) shows two views of the wheel which 
was constructed to enable this procedure to be carried out. The specimens 
•were attached with their -long axis parallel to the axis of rotation of the 
wheel at a radius of rotation of about 0.45m to the centre of the specimen 
and the wheel rotated at about 1.6 r.p.m. Spooner (63) has reported the 
successful use of a similar device for work on cement paste.
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Figure 6.2 Cylinder mould, modified for sealing and attaching
to wheel
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Figure 6.3 The Wheel
- 63 -
6.5 Curing
Considerable emphasis has been placed on the need to obtain specimens 
of a known free water-cement ratio. It was therefore desirable to ensure 
that there could be no change in the water content of the specimens during 
the 28 day curing period. This ruled out the standard technique of curing 
under water since this would have allowed specimens of different mix 
proportions to take up different amounts of water from their surroundings.
The procedure adopted, was to seal the specimens in paraffin wax for 
the curing period. This sealing was achieved by dipping specimens briefly 
into a bath of hot wax several times to build up a thick protective layer. 
Edgington (36) has shown this to be effective in limiting the weight change 
of specimens whilst curing.
However, it was not feasible to test specimens coated with wax since 
the bare concrete surface was required for attaching the instrumentation 
described in Chapter 3. Slots were therefore cut out in the wax, just 
sufficiently large to allow attachment of the L.V.D.T. mounting blocks.
When the plastic padding had hardened the wax was stripped completely and 
the specimen sprayed with a quick drying P.V.C. aerosol. This skin was 
sufficiently thin to he no hindrance to the attachment of the lateral 
straining rig or the ultra-sonic transducers.
6.6._____ Capping
As previously stated (Chapter 4) it was necessary to cap specimens in 
.order to ensure conformity with the fixed top plates in the testing machine. 
Preliminary tests had indicated some unevenness in the base of the specimen 
and so it became necessary to cap both ends.
Plastic padding type hard offered a possible quick and convenient capping 
medium although Ryle (64) has shown that plastic padding is unsatisfactory 
for capping cores.
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An experiment was therefore designed to check for the effects on 
measured strength of capping with plastic padding at cap thickness of 
1 and 2mm on the test faces of cubes. Cubes were chosen for this 
experiment because, due to the short length of the specimen the load 
at failure is probably more sensitive to small variations in end 
conditions.
Two separate batches of twelve 100mm square (4 inch) cubes were 
made. From each batch the cubes were randomly paired. The day before 
the cubes were due for test each pair was removed from the curing room, 
one being capped while the other remained near by, and then returned to
9
the curing room. The next day the cubes were removed one at a time \
from the curing room and crushed immediately. The results of the tests 
are summarised below in table (6.1), full details being given in 
Appendix (3).
These results show that the thinner capping reduces the strength 
difference between the two conditions and also reduces the variability
Table 6.1
Comparison of Capped and- Uncapped Cube Strengths
Capping Thickness 2 ram 1 mm
Capped Uncapped Capped Uncapped
Mean Failure 
load (kN)
322 339 301 312
Standard Deviation (kN) 7.3 5.1 6.2 5.0
Coeff. of Variation % 2.3 1.5 2.1 1.6
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of the capped specimen results. Significance tests show that the results 
for ?.mm cap thickness are significantly different at the 1% level whereas 
the results for the 1mm cap thickness are not significantly different at 
this level.
The end effects are considered to be much less significant for cylinders 
than for cubes and therefore it was considered justifiable to use 1mm thick 
caps for the cylinders.
6.6.1 Capping Procedure
One end of the specimen was capped on removal from the curing room in 
a capping jig. A piece of aluminium foil was sellotaped to the top 
platen of the testing machine to prevent the plastic padding sticking the 
specimen to the platen. The specimen, which had been prepared for strain 
measurement, was then placed in the testing machine and the ram raised until 
the specimen was in contact with the top platen. Contact was judged to 
have occurred when a very small load of approximately 0.5 kN had been 
applied. At this point the reading of a displacement transducer attached 
to the ram was noted. The ram was released, a quantity of plastic padding 
prepared and spread over the top of the specimen without disturbing it. The 
ram was then elevated until the displacement transducer indicated that it 
was 1mm below the position at which contact had registered previously. The 
ram was then held in position and the specimen left for 15 - 20 minutes for 
the plastic padding to harden. At the end of this period the specimen was 
tested, the ram not being allowed at any time after the initial application 
of the plastic padding to descend until the specimen had been loaded to 
failure.
6.7 Procedure for Preparing Specimens
A summary of the whole procedure for manufacturing and testing 
specimens is given below:~
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1. 48 hours before mixing the approximate quantity of materials 
were batched into drying trays placed in an oven at 105°C.
2. 24 hours before mixing all the ingredients for the specimens, 
with the exception of cement, were weighed from the material 
in the oven and placed into polythene bags whose empty weight 
had been noted. The bags were tied to prevent evaporation 
of water.
3. Just prior to mixing the bags were check weighed to ensure 
that no water had been lost. If the weight was low some extra 
water was added.
4. The cement was batched, added to the bag and the specimen mixed. 
Beams x^ ere always prepared before cylinders.
5. The contents of the bag were poured into the mould which was 
vibrated in accordance with the procedure detailed in section
6.3 of this chapter.
6. The mould was transferred to the wheel immediately upon completion 
of vibration.
7. Steps 4, 5 and 6 were repeated for cylinders. It was necessary 
to stop the wheel for approximately 30 seconds in order to attach 
the cylinder specimen. Mixing was always carried out first thing 
in the morning and was finished by 10.00 hours.
8. 24 hours after casting specimens were removed from the wheel.
9. Specimens were demoulded, weighed in air and in water, and wax 
dipped immediately. This procedure was carried out as quickly 
as possible to minimise moisture loss from the specimens.
10. Specimens were placed in the curing room for 28 days. The
curing room was maintained at'20°C +_ 0.5°C and at a R.H. of
95% minimum.
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11. 28 days after casting the specimens were removed from the 
curing room. Small slots were cut in the wax and L.V.D.T. 
mounting blocks attached with plastic padding. For cylinder 
specimens one end was stripped of its wax coating and 
capped in the capping jig before attachment of the L.V.D.T. 
mounting blocks.
12. When the plastic padding was set the wax was stripped from 
the specimen which was sprayed with a P.V.C. aerosol.
13. When the spray coating was dry the specimens were transferred 
to the testing machine. The top end of the cylinder specimen 
was capped insitu.
14. L.V.D.T.’s and ultrasonic transducers were then attached to 
the specimen which was loaded to failure.
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Chapter 7. Results for Strength Measurement
7 * 1 Results
A summary of the strength data is presented in table C7.1) below.
Full details of the results are given in Appendix 4. The individual 
results are plotted in figures (7.2) and (7.3) together with means strength 
and best fit line through all points.
7.2 Discussion of Tension Test Results
7.2.1 Failure Location
Figure (7.1) is a plot of strength against failure location. Location
zero mm corresponds to the lower end of a specimen hanging freely in the
scissor grips. Failure locations are divided into three categories:
1. Within grips, i.e. those within sections AB and EF on figure (7.1)
2. Within tapering section i.e. those within sections BC and DE on 
figure (7.1)
3. Within the waisted section i.e. those within section CD on figure
(7.1)
Table (7.2) below gives the failure locations for the various aggregate
volumes, and indicates that most failures occurred in the tapered section.
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Table 
7.1 
Summary 
of 
{Strength 
Test 
Results
FIGURE 
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Table 7.2 Failure Locations
Volume Fraction Within Grip Within Taper Within Waist
0 4 1 2
20 1 4 2
40 4 3
60 5 2
80 5 2
TOTALS 5 19 11
NOTE : The failure location of one 40% specimen was not noted.
Examination of figure (7.1) indicated that about half of the failures 
in the tapered section occur near to the waist where the tapering section 
is smallest and the rate of change of section least. The measured strengths 
recorded in these locations are close to those recorded in the waisted 
part of the specimen.
A discussion of the failure location in a specimen of varying cross 
section raises the question of the appropriate cross sectional area to be 
used for calculating the strength of the material. The waisted portion of 
the specimen has a rectangular section of 80 x 100mm and has been used to 
calculate strength regardless of failure location. This is justifiable 
since the material in the waist is defined as the material under test and 
as the greatest uniaxial tensile stress occurs in the waisted region the 
material will have, at least the strength calculated.
Some failures in the tapered section would be expected from the natural 
variability of material strength but there may also be additional shear 
stresses set up in the taper due to varying lateral strains. However, there 
is no conclusive evidence from other work on normal concretes in the
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laboratory regarding the effects of failures in the taper on strength.
Failures within the grips probably occur under a combination of axial 
tension, from the applied load, and lateral compression from the gripping 
system which is critical for a particular material. Cement paste, which 
accounts for four of the five within grip failures, has shown itself to be 
quite sensitive to such stress fields (65, 44). However, as argued above, 
the maximum uniaxial tensile stress is generated in the waisted section 
and therefore the calculated strength is a minimum.
7.2.2 Reliability of Results
Neat cement paste is particularly difficult to test because of its 
sensitivity to drying which causes rapid strength changes (66). Hannant 
(44) also reported difficulty in obtaining consistent tensile strength 
results with cement paste whilst experimenting with tapered section specimens. 
Hence it is likely that the strength reported for cement paste is an under­
estimate for two reasons; firstly because of the high incidence of within 
grip failures, and secondly, because of the possibility of drying out during 
preparation for testing, in spite of all the precautions taken to avoid this. 
The apparently high standard deviation of the paste test results also casts 
doubts upon their reliability.
There is very little published data which reports the variability of 
tensile test results but some relevant results have been collected in Table 
(7.3).
Comparing the work of Williams (67) and Bridgeman (68) with published 
data the standard deviation obtained within the laboratory is significantly 
higher than that reported in the literature. On the other hand, with the 
exception of cement paste, the deviation of the results reported herein 
compares favourably with the previously laboratory variation.
The difficulties associated with testing cement paste have already been 
considered and since the 20%, 40% and 60% mixes also presented some difficulty
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Author Reference Test
11,11
Mean
Strength
MN/m^
Standard
Deviation
MN/m
Williams 67 Direct
Tension
3.38 0.281
Bridgeman 68 tt 2.3-3.9 0.05-0.4
Wright 69 it 1.9 0.13
Wright 69 Split
Cylinder
2.79 0.14
R.I.L.E.M. 70 Direct
Tension
1.86 0.157
it it n 1.8 0.122
Ward and 
Cook
71 tt 3.89 0.14
Johnston 
& Sidwell
43 it 2.18-3.28 0.18-2.18'
Hannant 44 tt 2.90-5.82 0.1- 0.94
Kolias 35 it 0.49 0.072
tt tt it 0.62-1.17 0.04-0.18
tt it it 0.38-1.43 0.04-0.17
it it n 0,89-1.62 0.06-0.18
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in relation to obtaining uniform particle distribution, and the 80% 
presented some problems in compaction it was felt that results with a
variability equal to or less than that associated with tests in the same
laboratory using standard techniques is quite reasonable.
Finally the mean strengths at different aggregate volumes were tested 
to see if they were significantly different at the 5% and 1% confidence 
level. The results of these tests are presented in Table (7.1) and indicate 
that the strength differences between the 0 and 20%, 40 and 40% and the 60
and 80% mixes are in fact significant at the 5% level.
It is reasonably to conclude that considering the technical problems 
in specimen production the results are sufficiently reliable to enable 
valid conclusions to be drawn.
7.2.3 Discussion of Results
It is likely that the shape of the fitted curve between the 0 and 20% 
aggregate volume points (figure 7,2) is wrong. This is because the addition 
of a very small quantity of aggregate may well cause a relatively large 
reduction in strength. However, since no information is available in this 
' range the curve base has been plotted, but with a broken line to indicate 
its probable unreliability. The equation of this line can be expressed in 
the form;
Sv = I q  (2.245 + 0.31 - 0.32 (2 xa-l) ) (7.1)
Where x Va - 40 40
with Sv = Strength of mix at aggregate volume V%
Sp = Strength of paste of same free water/ceraent ratio 
as concrete
Va - Required aggregate volume-(%)
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Thus if the strength of the parent paste is known, the strength of 
a mix at a given aggregate volume Va may be determined. This empirical 
relationship is only true for mixes tested 28 days after casting at a 
water cement ratio of 0.5 and with the aggregate type and grading used 
by the author.
Empirical relationship obtained from work such as this are of little 
general value, being limited to the particular set of experiments from 
which they have been derived. However, relationships derived from purely 
theoretical considerations rarely fit any sets of experimental data, 
probably because of the many simplifying assumptions which have to be 
made in order to carry out the analysis. The work necessary to examine in 
detail theoretically and empirically derived relationships and to draw the 
two together is beyond the scope of this investigation, and so the present­
ation of yet another empirical relationship is the best that can be 
achieved. It must be hoped that relationships of similar shape will emerge 
from other studies which include different aggregate types.
The results reported above show conclusively that the addition of 20% 
and 40% by volume of graded aggregate to a cement paste reduces its tensile 
strength to a sensibly constant value. Increasing the aggregate volume to 
60% and then 80% produces significant increases in the tensile strength at 
both increments.
1 3 Discussion of Compressive Strength Results
7.3.1 Reliability of Results
The sensitivity of cement paste specimens to the testing or manufacturing 
environment was as marked in the compressive list results as in the tension 
test results, a similar high coefficient of variation being recorded.
Surprisingly there is little published data on standard deviations 
obtained by researchers in compression testing, and the bulk of the data that 
is available relates to cube testing. Some relevant information is given in 
Table (7.4).
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Table 7.4 
Variability of Compression Testing
Author Reference Test Mean Strength 
MN/m^
Standard
Deviation
MN/m
Franklin 
& King
72 Cube 22.7 -64.7 0.72 - 5.88
Wright 69 i t 41.23 1.43
Ward & 
Cooke
71 Prism 33.14-42.92 1.59 -1.85
Johnston 
& Sidwell
43 i t 30.37-60.9 1.31- 2.25
Bridgeman 68 i t 19.6 -36.2 0.91- 5.04
Kolias 35 i i 3.7 0. 058
i t I ! i i 5.47 - 9.46 0.05 - 1.47
i i I t i t 2.82 - 13.55 0.35 - 1.36
i i I t i t 17.58 2.11
The bulk of the values including those of the authors own laboratory 
2lie between 1 to 2 KN/m and reference to table (7.1) shows that the 
results obtained by the author compare favourably with the published data 
even though the manufacturing and testing techniques were more complicated.
The mean strengths at the various"aggregate volumes were tested for 
signigicance. The test results, shown in table (7.1) indicate that the 
strength differences between 0 and 20%, and 60 and 75% mixes are significant 
at the 1% level.
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The principle reason behind testing compression specimens at 75% 
volume concentrations was to strengthen the 80% points and it follows 
from Table (7.1) that the stress difference between 60% and 80% aggregate 
volume is also significant at better than the 1% level. Also the strength 
in the range 20 to 60% volume concentration is sensibly constant.
It is concluded that the techniques used in manufacturing and testing 
the specimens yield results that are reliable and as repeatable as those 
of the majority of published information and valid conclusions may be 
drawn therefrom.
7.3.2 Discussion of Results
As with the tension tests the fitted curve between the 0 and 20% 
aggregate volume (figure 7.3) points is probably incorrect. The equation 
for this line can be expressed in the form:
Sv - f n j  <25-327 " 1-&58X + 5.704 (2x2 - 1) - 1.506 (4x3 - 3x) )
(7.2)
where x = Va - 40 
40
with
Sv = Strength of mix at volume concentration V%
Sp = Strength of paste of same free water/cement ratio as the concrete
Va = Required aggregate volume (%)
Thus if the strength of the parent paste is known the strength of a 
mix at a given aggregate volume vc may be determined. As for the tension 
results this relationship is only true for authors particular specimen
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age at test, water cement ratio and aggregate type and grading. Also 
similar limitations apply to the validity of the relationship in the 
0 - 20% aggregate volume. Pomeroy et al (14) have quoted some results 
regarding the effect of adding 4.75 - 9.5mm aggregate to cement paste 
at a water cement ratio of 0.35. A comparison between their results and 
those predicted from equation (2) is shown in Table (7.5) below.
t
Table 7.5
Comparison between Equation 8.2 and 
Published Results (15)
Specimen Type Aggregate
Volume
vo
Measured
Strength
Predicted Strength 
from equation (2)
% error of 
prediction
Cylinder 0 68.8 ~ -
20 57.8 43.93 - 24
40 44.4 39.54 - 10.9
58 51.2 45.62 - 10.9
Prism 0 80.4 - - -
20 43.2 51.3 +■ 18.8
40 40.0 46.1 -b 15.3
58 44.0 53.4 -b 21.4
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Reasonable agreement is obtained with the cylinder strengths at 
40% and 58% aggregate volumes, with the error in both cases being the same. 
A greater error is encountered with the prism results but once again the 
error is relatively consistent and this suggests that an equation similar 
in form to equation (2) represents both cylinder and prism results.
Pomeroy et al (14) have advanced a theoretically derived equation, 
mentioned in chapter 2, to explain strength changes with volume concent­
ration as follows:
of = Up (1 - bDa (1 - Da) )
or
op - — — ( (Ea - Em) Da + Em + Ea)
The correlation between the author’s results and these equations is 
poor, mainly due to the fact that the experimental strengths remain 
essentially constant between 20% and 60% volume concentration, whereas 
the predicted values, except in the limiting cases of b = 1 and Ea = 
do not.
7.4 Discussion of Predictive Equations for Tensile and Compressive
Strength
Following from the work of Pomeroy et al (14) and equations (1) and 
(2) it is suggested that paste strength, as a common factor in predictive 
equations is unrealistic. If concrete is assumed to be a multiphase 
material and paste is regarded as a single phase component of the multi­
phase system it would seem to be fundamentally incorrect to adopt a paste 
strength alone to predict concrete, strength. The approach adopted in 
chapter 2, to express the results as a rate of change of strength relative 
to the strength at 70% aggregate volume, would appear to be more realistic 
from a strength prediction point of view, since it can draw on a much wider 
source of data. Also, if the strength - aggregate volume relationships for
- 83 -
different aggregate types are of a similar shape, then the variation of 
concrete strength with aggregate type is automatically dealt with.
Accordingly, figures (7.4) and (7.5) show the average results plotted 
relative to paste strength and relative to the 70% strength. Equations 
(1) and (2) have been rewritten on the basis of the 70% strength of the 
mix, the strength at 70% aggregate volume coming from the best fit line.
Equation 1 becomes:
Sv = fZ2. (2.245 + 0.31x - 0.32 (2x2 - 1 ) ) (7.3)
2.5
and equation 2 becomes:
g
SV = 2T T  (25 * 327 “ 1,658x + 5,704 (2*2 “ x) “ 1,506
(4x3 - 3x) ) (7.4)
where is the tensile strength of the mix at 70% aggregate volume for
equation (3) and the compressive strength at 70% for equation (4).
This is only a simple shift of the point of emphasis from paste to 
70% aggregate volume but it is believed that it makes the function far more 
useful.
Also this shift of emphasis may make it more apparent that it is 
unlikely that a good prediction of paste strength (i.e. the single phase) 
can be made from the strength at 70% aggregate volume and therefore 
equations 3 and 4 should only be used between 20% and 80% aggregate volumes.
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7.5 Relation Between Compressive and Tensile Strength
Figure 7.6 shows tensile strength plotted against compressive 
strengths at each aggregate volume. The ratio of compressive to tensile 
strength is shown in Table (7.6) and with the exception of cement paste 
the ratio’s range between 9.2 to 11.5. This ratio has been shown (73) 
to range from 5 to 14 in the literature.
Table 7.6
Ratio of Compressive to Tensile Strength
Volume Concentration Sc/s t
0 15.0
20 11.3
40 11.5
60 9.2
80 10.1
The apparently higher ratio for cement paste adds further weight to 
the argument that the paste strength should not be used as a basis for 
strength prediction because it exhibits different behaviour characteristics 
from concrete due either to experimental error or to its fundamentally 
different properties.
The relatively constant ratio of strengths in the 20% to 80% aggregate 
volume range indicates that the effect of aggregate volume on cement paste 
strength in both compressive and tensile stress fields is similar. This 
could suggest that failure in both systems is related to the. same basic 
parameter.
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Chapter 8 Results for Strain Measurement
8.1 Results
A summary of modulus of elasticity values is presented in table 8.1 
below. Full details of the results are given in Appendix (4) together 
with representative stress-strain plots.
Table 8.1 
Summary of Modulus Values
Aggregate 
Volume 
Fraction (%)
. Number 
of 
Results
Mean Value 
(GN/m2)
Standard
Deviation
(GN/m2)
Coefficient of 
Variation %
TENSION
0 2 11.6
20 4 17.8 1.37 7.7
40 5 21.4 1.21 5.7
60 5 29.0 1.88 6.5
80 4 41.3 2.85 6.9
COMPRESSION
0 5 13.4 0.24 1.8
20 5 15.8 0.75 4.7
40 4 23.2 1.91 8.2
60 2 30.7 - -
80 4 39.1 1.52 3.9
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For calculation of modulus the approach suggested hy Kolias (35) 
has been adopted in which the secant modulus was measured at 33% of the 
ultimate stress in compression and at 50% of the ultimate stress in 
tension.
8. 2 Reliability of Results
The computer program for processing the experimental data provided 
plots of stress against strain for individual L.V.D.T.fs, in order that 
the uniformity of strain distribution could he judged. In addition, the 
four strains at each stress level were averaged in order to give a 
relationship from which the modulus of elasticity could be determined. An 
example of the computer plot for a tension test is shown in figure 8.1 (a) 
and (b). The relatively good agreement of the results is typical of the 
values obtained. During some of the tests the specimen slipped in the 
grips causing a decrease in stress and strain, however this does not appear 
to have had any effect on the overall shape of the stress-strain curve.
Uniform straining was rarely achieved in compression tests. (Figure
8.2 (a) and (b) ). These results, in spite of the extra refinements to 
the testing system,are similar to those reported by Kolias (35). The 
problem of the achievement of uniform straining is still unresolved, but 
appears to be caused by an inherent machine effect, which is especially 
critical in the early stages of loading. However, the results were judged 
to be acceptable because there was consistently good agreement in the 
opposite faces. Also several authors (74, 75 and 76) have indicated that 
strain gradients do not have significant effects on modulus measurement.
8.3 Discussion of the Aggregate Volume-Modulus Relationships
In contrast to the aggregate volume-strength relationships, the effect 
on the modulus of the concrete of aggregate volume has received considerable 
attention. Manns (77) has reviewed the subject and indicated the existence
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3FIGURE 8.1 Computer plot from tension test
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of fourteen sources (78-91) containing formulae relating the modulus of 
elasticity of the concrete to the characteristics of the component cement 
paste and aggregate. These relations are all based on the assumption of 
a two phase composite material. Two limiting conditions have been 
defined; firstly the upper bound condition, giving a maximum value of 
modulus based on the assumption that the two phases carry equal strain,
Ec ~ Ep Vp + Ea Va 8.1
where Ec, Ep and Ea are the moduli of concrete, paste and aggregate 
respectively, and Va and Vp are the volume fractions of paste and aggregate; 
secondly the lower bound condition assuming equal stress in the two phases 
when,
i_ - Zp Va
Ec “ Ep Ea
(Both equations 8.1 and 8.2 are after Dantu (82) ).
The author’s values of modulus are plotted against aggregate volume 
in figures 8.3 and 8.4, for compression and tension respectively. A value 
of Ea has been obtained from the literature (92) and used together with 
the experimentally determined Ep to graph equations 8.1 and 8.2. Also, 
following the example of Newman (93) the relations developed by Dougil (81)
Ec ~ 0,5 ( Vp Ep + Va Ea  ^ + 0,5 ^Ep * Ea  ^ 8,3
and by Counto (80)
1 - V* + 1   o LEc Ep ,1 - Va N( _ -   ) Ep. + Ea
have been plotted in figures 8,3 and 8.4.
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Manns (77) has compared the relationships listed in references (78) to 
(91)and shown that, upper and lower bound solutions excepted, all the 
relationships lie in a close band between the limits of constant stress 
and constant strain. Thus for the sake of clarity in figures 8.3 and 8.4 
some of the twelve relationships have been omitted.
As can be seen from figures 8.3 and 8.4 the measured values of modulus 
lie between the lower bound and intermediate solutions. This is more marked 
in compression (figure 8.3) than in tension (figure 8.4) where the results 
approximate to the intermediate solutions. However, the value of Ep in 
tension was determined from the average of only two specimens. If the paste 
modulus is in fact low, this would have the effect of reducing the modulus 
values determined by equations 8.1, 8.2, 8.3 and 8.4 at the low aggregate, 
volumes and bringing the theoretical prediction nearer to the measured values.
8.4 Relsionship Between Compressive and Tensile Moduli
Figure 8.5 is a plot of the modulus in compression against the modulus 
in tension. It may he concluded that for all practical purposes the modulus 
of concrete is the same in both compression and tension. This agrees with 
the work of Kolias (35) who tested a range of materials and arrived at a 
similar conclusion.
8.5 Crack Detection by Ultrasonic Techniques
A fault, which rendered all ultrasonic measurements unreliable, occurred 
in the automatic recording system attached to the ultrasonic test apparatus. 
This was most unfortunate since the technique has been used manually to 
considerable advantage in the laboratory to detect onset of crack propagation 
by Edgington (36) and Bridgeman (68) and others.
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Chapter 9 Implications for Mix Design
Figure 9.1 reproduces from Chapter 2 the relationship developed for 
the normalised plot of strength change/per cent, increase in aggregate 
volume against strength at 70% aggregate volume. The result from the 
author for the 60% to 80% aggregate volume is also shown indicating that 
it lies near to the fitted line. Much more work is needed to establish 
the validity of this approach but most of the evidence both from the 
literature and the author’s own research indicate that a real gain in 
strength can be obtained in both tension and compression by increasing 
the aggregate volume. This strength gain is apparently more significant 
at higher strength levels.
It is important to note that in the working range of 60% to 80% 
aggregate volume the tensile strength increases significantly, the author 
having obtained a 17% increase in strength in this range.
The fact that tensile strength, compressive strength and elastic 
modulus are increased and that cement content is reduced could, in the 
appropriate circumstances represent realistic economies.
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Chapter IQ Conclusions
1. An accurate, reliable system for automatically measuring 
longitudinal strains in tension and compression on concrete specimens 
has been developed.
2. The. saturated air technique for measuring aggregate absorption 
yields satisfactory results, although experience is necessary to 
achieve reproducable results.
3. The addition of 20% and 40% by volume of a graded aggregate to
a cement paste reduces its strength to a sensibly constant value. 
Increasing the aggregate volume to 60% and then 80% produces significant 
increases in the tensile strength at both volume increments.
4. The addition of 20%, 40% and 60% by volume of a graded aggregate
to cement paste reduces its compressive strength to a sensibly constant 
value. Increasing the aggregate volume to 86% produces a significant 
increase in the compressive strength.
5. In developing predictive equations for the tensile and compressive
strengths of concrete the strength of the parent cement paste should 
not he used as a major parameter.
6. At all aggregate volume concentrations the tensile and compressive
moduli of elasticity are effectively equal.
7. The modulus of elasticity of concrete may he predicted by a relation­
ship which approaches the lower bound solution a simple equation being
as accurate as same of the more complex relations.
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Chapter 11 Recommendations for Further Work
This research should be extended to a range of aggregate types and 
water cement ratios in an attempt to produce a general relationship 
between aggregate volume and strength. This would also establish the 
validity of the approach suggested in Chapter 2 for the prediction of 
the effects of aggregate volume on strength. Particular emphasis should 
be placed on tensile strength studies since little information is available 
in this area.
The saturated air technique for measuring aggregate absorption is most 
valuable and could be improved by full automation. In this respect an 
automatic system for processing the drying curves to locate the SSD position 
would be very useful and would eliminate the one area in which operator, 
judgement could cause errors.
Serious consideration should be given to abandoning flint gravel as a 
source of aggregate for the type of research reported in this thesis. The 
patina present on the particles creates an aggregate whose absorption 
properties are highly variable. In addition the fact that the flint appears 
as relatively small nodules makes it very difficult to obtain samples for 
use in determination of its mechanical properties.
It is believed that an investigation of the progressive cracking of 
concrete using a fully developed lateral strain rig of the type which the 
author intended to use, or the dilatometer system used successfully by 
Spooner (95) at various aggregate volumes would assist in the understanding 
of the part that aggregate plays in the growth of cracks in concrete.
A rigorous analysis of the nature and shape of the stress/strain curve 
for concrete using curve fitting techniques recently developed (27) would 
probably also provide further information on the progressive failure of 
concrete and show if the stress-strain curve is in fact linear in any part 
of its range.
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APPENDIX '(l) Curve Fitting
In the early stages of this work considerable attention was given to 
the problem of smoothing the experimental data obtained during stress- 
strain tests. The failure of the lateral strain rig lead to the 
abandonment of the analysis of the plots, and so little use was made of 
curve fitting for smoothing data, however, some useful new techniques 
were discovered which are worth mention.
One of the major difficulties in curve fitting is that the general 
nature of the curve is defined by the type of function chosen for the fit. 
For example, a simple, polynomial cannot approximate a straight line. This 
leads to difficulty when trying to operate on a stress-strain curve for 
concrete which may well be best approximated by a straight line for the 
initial phases of loading.
In recent years spline functions have been developed and applied to 
curve fitting problems (27). Of particular use are cubic splines, which 
consist of a set of cubic polynomial arcs joined end to end with continuity 
in value in the first and second derivature at each join (or knot). Use 
of this type of function permits approximation to a wide variety of curves 
including straight lines, and by fitting in sections, carries a greater 
promise of success than single polynomials. An excellent coverage of the 
basic principals and up to date methods is given in a recent book edited 
by J. G. Hayes (94) from the numerical analysis division of the National 
Physical Laboratory.
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APPENDIX (2) Absorption Testing
RECOMMENDED PROCEDURES FOR AGGREGATE ABSORPTION TESTS.
Preparation of samples and apparatus
The temperature of the constant temperature room (or cabinet) should 
be set at 0.8°C (1.5°F) below the temperature of the fog room or other source 
of saturated air of at least 95% r.h.) and maintained constant. This ensures 
that the relative humidity of the air passing through the sample should be 
at 100% throughout the testing period when checked with the wet and dry bulb 
thermometers. The vacum pump should run initially for about 2 hours before 
commencing to test, to achieve equilibrium between the internal surfaces 
of the apparatus and the air flow.
Dry material should be immersed in water for 24 hours before testing. 
Occasional agitation of the aggregate ensures the removal of entrapped air 
and facilitates the entry of water into all surface pores. Samples should 
be dried so as to approximate to the saturated and surface-dry (SSD) condition 
before placing in the apparatus. Care is necessary to ensure that all 
particles are dried equally and are not dried beyond the SSD condition.
Initial drying for the coarse aggregate can be done by means of a moist 
cloth. Fine aggregate can be dried, using a hair dryer, but the temperature 
of the sample should not be raised appreciably. A high sample temperature 
affects the relative humidity of the air flow and the initial weighings 
are not representative. If necessary, wrap the sample in a moist cloth and 
leave it in the constant temperature room for a short period before testing.
In addition, the sample should be in the air stream under test conditions 
for about 3 minutes before a reliable reading can be taken. Ensure by 
frequent checks that the relative humidity of the air actually passing over 
the sample is approximately 100%. Generally, for the temperature range 15° - 
30°C (60° - 90°F), the depressions of the wet bulb should not exceed 0.1°C 
(0.2°F),
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Accelerated method for fine aggregate
3 3The air flow through each sample should not exceed 0.057 ra (2.0ft ) 
per minute. This is facilitated most conveniently by adjusting the stop 
cock to the dummy container. The shallow containers should have an internal 
diameter of approximately 50 mm (2 in) and the depth of sample should not 
exceed 6 mm ({ in) to avoid differential drying.
Weigh the container empty, incorporate 'the prepared sample and then 
re-weigh. Mount the sample container in the apparatus and read the gas 
flow meter. Open the lower valve on the metal cup (see Figure 5.3) and the 
upper valve on the inverted glass funnel simultaneously. The upper valve 
must he closed first when weighing material finer than No. 25 BS sieve 
size: otherwise particles are sucked hack into the inverted funnel.
The valve to the dummy specimen must ‘be opened to compensate for any 
valve which is closed when a specimen is removed for weighing. This main­
tains the required air flow through the remaining specimens and 0.113 
3 3(*0.028) m (4(+ 1) ft ) of air should pass through each sample between 
weighings. Weighings should be performed as quickly as possible and samples 
covered with a lid to minimise evaporation. Loss from small samples could 
be particularly significant.
Frequent weighing is necessary for high air flows and the loss of 
weight can be so rapid that the location of the SSD point becomes difficult. 
Weighings should he continued until the loss in weight becomes very small 
and stays reasonably constant. A plot of sample weight versus volume of air, 
given by the gas meter, enables the SSD weight of the sample to be determined. 
The sample is then transferred into a moisture content tin and dried at 100 
- 110°C (212° 1 230°F) for 24 hours and re-weighed to obtain the oven-dry 
weight. The absorption of the sample : =
SSD weight - oven-dry weight 
oven-dry weight
Note : These procedures are as recommended by Hughes and Famili (61).
As noted in Chapter 6, it was necessary to alter airflows for 
different' aggregate sizes.
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Method for Coarse Aggregate
The main differences between tests on coarse and fine aggregate
samples were that the vacuum pump was used at its maximum flow rate of
3approximately 0.3 M /min, the jolter had to be operated, and the 
samples were weighed at 2 minute intervals. A drying curve of weight 
against time was plotted and the SSD point determined in the usual manner.
- 116 -
- 117 -
Ab
so
rp
ti
on
 
Tes
t 
Ap
pa
ra
tu
s
Re
su
lt
s 
of 
Ab
so
rp
ti
on
 
Te
st
s
o0«-i1CMLO
CM CM ON r—1 p~ LO CM O r-v O On 00 p-. COLO1 LO ON co o CO CM o LO o <fr VD LO CT> CM I—1ON O CM a\ co P- CO CM CM p- CO oo CO LO HP ON COLO 9 ■ ■ • • • 9 9 9 4 . * 9 9 4CM o i—I t-H rH 1—I i—I i—! i—i t—\ o o rH rH rH rH I-1 I—1
LO VO OO vO vO P- 00 in rH VD CM ON CO o 00 CMCM Hf CO CM P» rH lO CM LO ON CO o\ o -<!• vO CMO LO vO LO P- VO CM 00 LO rH -Cl rH r*4 CM on O
9 r r r 9 9 « . * « • 9 * «rH r—t 1—i rH rH I-I rH rH rH rH rH t-l rH H T-l o rH
LOCMI<1-
on VO o LO Hj- vO CO o 00 oON CM rH P~ LO O CO CM O CM
9 • 9 9 r r • 9CM CM CM CM CM CM CO CO CO CO
Hir-
CO Mf co P> CO 00 rH CM rH CM rHVO CM -d* LO tH vO P- on -d- P- 00 rHON CM LO rH CM CTV rH VO vo co VO ON* • 9 9 • * « 4 9 9 9 * 9
CM CO CM CO CO CO CO CM CO CO CO CM
p.ILO
CM 00 VO t—t rH 00 O co CM 1—1 ONp- CM p- LO LO ON VO CM CO VO p. CMo o co p- CM LO ON -d- LO oo vO 00* • • « • « 9 « « • 9 «CO co CO CO CO CO CO CO CO
f
CO CO CM
LO
ILO VD CO VO p* LO 00 LOO I—1 CO Hfr v O v O 00• 9 * 4 * 9 »CO <r CO C O co CO CO
LO. o 00 LO rH co CO ON -d-ON rH rH P^ CO CM VO -d- CM1 CO O ON CO t—t px CM ONON • • 9 • « • * »rH rH I—! o o rH rH rH O
8
fta) a N 03 •iH V4 CO pH
1
- 118 -
o0
F1
CMin
CM GO Mi­ 00 F 00 CM F in cn On CM CM <* -ci- mJ- OnF m en cn 00 cn vO 00 i—i cn r- in CM o i—\ F ON
CM 00 O m F 00 cn vO rH CM ON ON ON ON 00 cn CM
• • • » m « • • • • • • * * • •
i—1 i—i i—i F F o F F rH F o o O o o F i—1
CMm1inCM
cn-ci-
in
CMImJ-
«d-FIr-
FIin
in
•MJ*Im
*
ON
in
•ON}ON
F
£O•H
4-1 O O N oj •H U 
CO Cm
- 119 -
o
o in CM
rH CM CM i-*- r~- rH
i ON O co CM co
CM * • • •
in o rH rH o CM
CM ON NO rH
m O o r--. r-»
» CM -a CO •
m • • NO
CM rH o CM
in rH CM t—1
CM m CO m
l O f - •
-3- t—t • • r--
*— i CM o i—i
in CM r— i
CO rH oi—i CM CM
l rH • • CM
r-- CO o rH
i" . r -. r—1 rH
1 m CM
in CM CO •
rH • • o
CO o 1—1
in
• o NO
> r -- om NO CO NO4 « • ■
ON CO o O n
m
• VS"
ON o ON
1 CO rH CO •
ON . * |H
rH rH o CM
w
p c
w £
£ £ rH £o H £ £ >
•H > >
P <p ft MM£  O o £ 4-1
N £ £ £
•H U o 0) p O
CO pH E S CO O
-  120 -
APPENDIX 3 Results of Capping Tests
Results of experiments to assess the effect of capping 
specimens.
Capping Thickness 2 mm 1 mm
Capped Uncapped Capped Uncapped
323 334 287 317
315 348 304 294
Strength
Results 328 335 303 312
(kN)
327 341 305 328
328 340 303 301*
311 338 303 319
Mean Strength 322 339 301 312
Std.Dev. 7.3 5.1 6.2 5.0
Coef f..Varn , 2.3 1.5 2.1 1.6
^Specimen appeared to be crushed in one corner.
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Comments on Specimen Air Contents
Examination of the results in Appendix 4 indicates that many 
specimens had an apparently negative air content. Negative air 
contents have been reported by a number of authors (25, 36) and the 
generally accepted explanation for these impossible figures is that 
the values of specific gravity of the aggregate used in the calculation 
are in error.
It is true, that the calculation for air content is sensitive to 
errors in S.G. values, which themselves are difficult to measure. This 
is particularly so when the S.G. on an SSD basis is required because 
accurate determination of aggregate absorption is also difficult. However, 
the author believes that accurate values have been obtained for both 
absorption and specific gravity for the aggregates used in this work, 
and that errors induced from these values will be small. Also cement 
paste does not contain aggregate, and so the negative air content in 
these specimens cannot be attributed to errors in the S.G. of the 
aggregates.
There is evidence (95, 96) to show that use of the specific gravity 
of cement determined in an inert liquid gives rise to errors in the 
computation of air contents, due to the apparent increase in the density 
of cement when it is mixed with water, and it is believed that this is 
the most likely source of error which leads to the computation of negative 
air contents.
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APPENDIX 6 Material Properties and Mix Properties
ORDINARY TYPICAL CEMENT - BATCH 88
Chemical Analysis
Si02 - 19.9
I.R. “ 0.98
A120 3 • -  6 . 7
Fe203 - 2.2
Mn20 3 -  0 . 0 4
P o0„ -  0 . 1 7
2 5
T i 0 2 -  0 . 2 9
CaO -  6 4 . 0
MgO -  1 . 3
S03 - 2.8
L . O . I .  -  0 . 9
K20 -  0 . 5 3
Na20 -  0 . 1 8
L . S . F .  -  95
L . C . F .  -  94
S/A+F -  2 . 2
A/F -  3 . 0
Fre e  Lime -  0 . 9
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B.S. 12 Physical Test Results
Setting Times
Water % ~ 25.3
Initial (min) - 170
Final (min) - 195
Fineness
Specific Surface
(m2/lcg) - 310
Specific Gravity - 3.12
Expansion mm
2Compressive Strength (MN/m )
B.S. 12 concrete. 3 days - 20.5
7 days - 30.0
28 days - 42.2
Mix Properties
Water cement ratio 0.5 by weight
Aggregate Grading
Size % by wt of total
19-9.5 35
9.5-4.5 23
4.7-No7 .. 7
No7~Nol4 7
Nol4-No25 7
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Size % by wt of total
No25-No52 16
No52-No100 5
Passing 100 ' 0
Mixes were produced at 0, 20, 40, 60 and 80% aggregate volume foi
both compression and tension tests. Supplementary specimens were 
produced at 75% aggregate volume for compression tests.
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